Acetylene reduction (AR) rates by cyanobacteria epiphytic on a moss at Marion Island (46°54' S, 37°45' E) increased from -5°C to a maximum at 25 to 27°C. QlO values between 0 and 25°C were between 2.3 and 2.9, de-pending on photosynthetic photon flux density. AR rates declined sharply at temperatures above the optimum and were lower at 35°C than at 0°C. Photosynthetic photon flux density at low levels markedly influenced AR, and half of the maximum rate occurred at 84 ,umol m2 s-1, saturation occurring at ca. 1,000 ,imol m-2 s-I.
Investigations conducted under the auspices of the Tundra Biome group of the International Biological Programme have demonstrated that cyanobacteria associated (epiphytically or endophytically) with bryophytes in subarctic and Arctic bogs and mires are significant agents of nitrogen fixation (2. 15) . Recently, similar findings have been reported for subantarctic (35, 36) and Antarctic (12) sites. Studies of the factors influencing the rates of N fixation by cyanobacteria have been carried out at many of the Northern hemisphere subpolar areas (1, 3, 6, 21, 22, 24, 31) . Where substrate pH is sufficiently high to allow cyanobacterial growth, moisture and temperature appear to be important factors influencing nitrogenase activity. A complex relationship between fixation and light intensity, which involves temperature and oxygen tension, has also been noted (6, 31) . To date, only one investigation on the influence of abiotic factors (temperature and moisture) on N fixation (acetylene reduction) by moss-cyanobacteria associations at southern subpolar sites has been reported (12) .
In April 1983, laboratory studies were carried out at Marion Island (46054' S, 37045' E) to ascertain the effects of temperature, light, moisture content, pH, and selected nutrients on acetylene reduction by cyanobacteria epiphytic on the moss Brachythecium subplicatuin (Hamp.) Jaeg. This paper presents the results of these studies.
MATERIALS AND METHODS
Site description. B. subplicatum forms a dense mat of vertically oriented stems in the lower-altitude mires and bogs, especially where there is pronounced lateral flow of water through the peat or at the peat surface. These "drainage lines" are less oligotrophic than the surrounding ombrogenous areas (26) . B. subplicatum samples from a minerotrophic drainage line receiving runoff from an adjacent slope supporting burrowing petrels (Pr-ocellar-iidae) were previously shown to possess an abundance of epiphytic cyanobacteria, a large proportion of which were heterocystous (36) . High rates of acetylene reduction were exhibited by these samples. Most of the investigations reported here on the influence of abiotic factors on acetylene reduction were performed on samples from this drainage line. Additional samples for the investigation into the relative reduction rates along the lengths of the moss stems were collected from a burrow entrance on the adjacent slope and from the base of the slope.
Sample collection and handling. For each of these investigations, moss-cyanobacteria samples were collected a day earlier by cutting the moss stems ca. 3 cm below the mat surface. A 10-cm2 section of excised mat provided ca. 120 stems, which were separated and mixed. Six stems were placed in preweighed glass test tubes (1.3 [inside diameter] by 6 cm) which served as incubation tubes for the acetylene reduction (AR) assay. The stems were positioned longitudinally along one side of the tube, adhering in position because of their wetness. The tubes were kept in humidified trays at 4 to 8°C until needed for the AR assay, which was usually performed within 12 h. Variations of this sample treatment procedure for assessing AR at different positions on the moss frond and the influence of moisture content, pH, or nutrients were as follows.
AR on different segments of moss fronds. B. subplicatum fronds were collected from a burrow entrance on the slope (site 1), the base of the slope (site 2), and the drainage line in the mire below the slope (site 3). Starting at the tip, the fronds were cut into 1-cm segments. The top three segments of fronds from all sites were green, and segment 4 was yellow-green. Segment 5 of site 2 fronds was also yellowgreen, but the segments from the mire and burrow entrance were brown and contaminated with peat. Segment 6 of fronds from the base of the slope and the drainage line was also heavily contaminated with peat, whereas that of fronds from the burrow entrance was almost completely decomposed and was discarded. Ten segments of each length class were placed in each of four incubation tubes for the AR assay. Separate segments from each site were examined microscopically for cyanobacteria, which were rated on a relative abundance scale of 0 (absent) to 5 (very abundant ). An incubation tube was cut longitudinally in half, and one side was sealed over the white central disc of the quantum sensor, which was then placed in the water baths to measure radiation. By using the shade netting and vertical positioning of the lamp, PPFD in the incubation tubes could be varied up to 2,000 pmol m-2 s-1.
The water baths were fitted with temperature controls and pumps capable of maintaining a ±10 cm s-l flow of coolant past the incubation tubes. Temperature in the tubes was measured by using NiCr-NiAl thermocouples connected to a KM3013 digital meter with built-in reference junction (KaneMay Ltd., Hertfordshire, England). Even under high radiation loads, the temperature in the tubes did not differ from that of the coolant liquid by more than 0.3°C.
Statistical evaluation of the data. Significances reported in the text for the differences in mean AR rates between sample treatments were established by student's t tests, and the significances of the various correlation coefficients were established by t tests of their Fischer-Z transformations. The significance of the differences in activation energies calculated from the Arrhenius plots of temperature versus AR at various PPFD levels was tested by covariance analysis in which the null hypothesis stated that the slopes of the Arrhenius curves did not differ across PPFD. RESULTS
Influence of CO2 and HC03-on AR rates. CO, depletion in the incubation tubes under conditions of adequate light and warm temperatures might be expected to affect AR through its influence on cyanobacterial photosynthesis. Either 0.5 ml of water, 0.5 ml of NaHCO3 (0.2 mmol liter -1), or 0.5 ml of water plus 5% CO2 was added to six replicated subsamples of moss, and these were assayed for AR at 20°C at a PPFD of 200 ,umol m-2 s-1. Reduction rates for the water-and the HCO3-treated fronds were similar, but enhanced CO, concentrations in the incubation tubes significantly (P = 0.001) depressed AR.
AR on different segments of moss fronds. AR rates at different positions on the moss fronds are shown in Fig. 1 creased down the frond. For moss stems from the foot of the slope, maximum reduction rates occurred 2 to 3 cm from the apex. Samples collected from the mire drainage line showed the highest reduction rates 1 to 2 cm from the apex; however, the value for these segments was not significantly (P -0.05) different from those found for the 0 to 1 and 2 to 3 cm classes.
Cyanobacterial abundance also varied along the length of the fronds in a pattern which depended on the collection site ( Fig. 1 ) and correlated well with the observed AR values, accounting for >90% (P = 0.05) of the variation in activity within sites and 47% (P = 0.01) of the total variation between segments and across sites.
The possibility of AR by heterotrophic bacteria in the peat contaminating the lower stem segments cannot be discounted since darkened control incubations were not performed. However, heterotrophic AR in the mire peats has only been demonstrated for samples which have been fortified with a readily oxidizable, energy-rich substrate such as glucose (V. R. Smith, Proceedings of the Fourth Scientific Committee on Antarctic Research Symposium on Antarctic Biology, in press).
The estimation of cyanobacterial abundance was very tedious and could not be performed on the large number of incubation samples required for the investigations into the effects of abiotic parameters on C2H, reduction. Because of the uniform reduction rates exhibited by the top 3 cm of fronds from the mire drainage line, samples from this site were used in these investigations.
Influence of temperature on AR. The effect of temperature on AR rates was investigated at three PPFD levels (Fig. 2) Covariance analysis of the slopes of the Arrhenius plots indicated that these differences were highly significant (F = 34.4; P < 0.001).
The influence of subzero temperatures on AR was only investigated at a PPFD level of 200 ,umol m-s-'. The rate at -1°C fitted the Arrhenius curve derived from the data for 0 to 25°C (inset to Fig. 2 ), but below this temperature the observed reduction rates declined much more rapidly than predicted by the curve. Low but significant AR rates (28 nmol g-1 h-1) occurred at -3°C, but at -5°C, only 3 of the 10 replicated incubations exhibited ethylene production.
The optimum temperature for AR appeared to be between 25 and 27°C. At all three PPFD levels, a single exponential equation described the decline in rates above the temperature optimum, and the observed (and calculated) rates at 35°C were significantly (P = 0.001) lower than at 0°C.
Influence of radiation on AR. Michaelis-Menten kinetics adequately described the relationship between AR and PPFD levels between 12 and 1,200 imol m-2 s-1 (Fig. 3a) .
The equation AR = (ARm<tx X PPFD)/(K + PPFD) accounted for 98% of the variation in the AR data shown in Fig. 3a . Vertical bars indicate + one standard error of the mean (n = 5).
The value of K (the PPFD at which half of the maximum AR rate occurred) was 84 ,umol m-2 s-1, indicating that AR by the moss-associated cyanobacteria responds markedly to light at low levels. At 20°C, the lowest PPFD at which AR occurred was found empirically to be between 3 and 12 p.mol m-2 s-'. At low PPFD levels (<150 umol m-2 s-1), a logarithmic relationship fit the AR data well (r = 0.970, P = 0.01) and predicted zero AR at 7 ,umol m-2 s-1 and less. The data in s-1, and there was some indication that AR was inhibited at higher radiation levels, although the decrease in rates between 900 and 1, 200 ,umol m-2 s-I was not significant at P . 0.05. Another series of incubations was therefore carried out ( Fig. 3b) , in which the radiation levels were varied between PPFD 350 and 1,950 ,umol m-2 s-'. Depression of AR at PPFD > 1,000 p.nol m-2 s-1 was clearly demonstrated, so that rates at 1,950 ,umol m-2 s-1 were significantly (P = 0.01) lower than at 1,000 ,umol m-2 s-1.
Influence of sample moisture content on AR. AR increased markedly between the lowest sample moisture content tested (260%) and the field moisture value (3,405%) (Fig. 4) , the relationship being AR = 257 log(H20%) -1249 (n = 22, r = 0.838, P = 0.001) and predicting zero reduction at .130% moisture. This value was not tested empirically; however, moisture contents of moss samples from mire habitats rarely fall below 800%.
Influence of pH on AR. The moss fronds were capable of altering the pHs of the solutions to a substantial degree (Fig.  5 ) so that the final pH values were 5.0 to 6.9. The pH at the surface of the B. subplicatum fronds was apparently 6.3 (arrowed on the curve in Fig. 5) , the value at which the moss samples had no effect on the original solution and which is in close agreement with those (6.2 to 6.3) measured directly on saturated mats of this species in the field.
AR increased markedly between pH 5 and 6 (Fig. 6 ), optimum fixation occurring between pH 5.9 and 6.2. Reduction rates then declined with increasing pH.
Influence of P, Co, and Mo on AR. The addition of P, Co, and Mo, either individually or together, depressed AR compared with frond samples which had been treated with water only (Table 1) . DISCUSSION The differences in AR rates for different parts of the moss stems could not be ascribed to variations in light, tempera- (6, 22) . Marion Island experiences a typical subantarctic oceanic climate characterized by moderately low temperate throughout the year; the mean air temperatures in the warmest and coldest months are 7.3 and 3.2°C, respectively, and diurnal temperature variations are also small. Rain falls at the island on more than 300 days per year (34) , and periods of drought lasting more than 3 or 4 days are uncommon. Even during these dry periods, the bryophyte layer in the mires remains wet due to its high water-holding capacity and upward capillary movement of water from the waterlogged peat substratum. At many subpolar and cold temperate sites moisture is an important factor determining the distribution of cyanobacteria (14, 28, 32, 33) , and N fixation activity in free-living and lichenized forms depends on thallus moisture content, often up to high saturation values (3, 4, 11, 36) . AR by moss-Nostoc associations at the Vestfold Hills in Antarctica was appreciably inhibited by partial desiccation over a range of temperatures (-3.5 to 25°C) (12) . Field moisture contents of B. subplicatum at Marion Island are generally above 1,000%, the lowest recorded value being 570% (S. Russell, personal communication). It is therefore unlikely that desiccation ever completely inhibits N fixation by the moss-cyanobacteria associations, but since AR responded to moisture content up to high values (ca. 3,400%) (Fig. 4) , fluctuations in moisture content possibly influence N fixation rates in the field.
N-fixing cyanobacteria are rarely found at substratum pH valUes below 5 (2, 14, 19, 20) , and nitrogenase activity in these organisms is also strongly pH dependent (21) . Nostoc commune at Signy Island, although able to fix N at pH 6.6, showed maximum rates at sites with pH values of 8.7 to 9 (18, 28) . Laboratory studies of cyanobacteria associated with D. exannulatus at Stordalen demonstrated a very pronounced AR optimum at pH 6.8 (22) . However, some investigations have shown little correlation between in situ N fixation and field pH (6) . In the present study, B. subplicatum fronds demonstrated a marked ability to buffer the external medium to a narrow pH range, probably due to a high cation exchange capacity at the moss surface, but alkaline leaf exudates may also contribute to an elevated pH in the phyllosphere (9) . The optimum pH range for AR was similar to the pH of the moss fronds in the field. Nitrogen fixation is usually considered to be more sensitive to variations and extremes of temperature than are other physiological processes such as photosynthesis, respiration, or overall growth (10, 30, 37, 39) . N-fixing organisms are considered to be mesophilic (21) and generally not able to fix N effectively below 0°C (2). However, many studies at subpolar sites have demonstrated appreciable fixation at low temperatures down to 0°C (4, 5, 12, 16, 23, 28) and even lower (17, 31) . Active CO, fixation by N. commune in Antarctica occurs at -5°C (8) , and it has been suggested (12) that this low-temperature photosynthesis enables nitrogenase activity to proceed until it is inhibited by complete cellular freezing. Recently, N fixation by this species has been recorded at -7°C (13) . The lack of liquid water below 0°C probably limits N fixation, rather than low temperature inactivation of nitrogenase (28) . In the study reported here, freezing possibly accounted for a greater decline in AR rates below -1°C than predicted from the curve in Fig. 2 . At -1°C, moisture may not have been frozen on the moss fronds due to capillarity; in addition, osmotic and matric potentials would depress the freezing point of the cyanobacterial cytoplasm.
The optimum temperature for AR in this study was 25 to 270C, higher than those ( (Fig. 7) . It is therefore unlikely that saturating PPFD values for AR (e.g., 1,000 pmol m-2 s-') ( Fig. 3b) are experienced in situ.
especially since cloudy weather occurs at the island more than 90% of the time and PPFD levels are generally 200 to 400 pmol m-2 S-1 (7) . The moss-associated cyanobacteria will, therefore. normally experience illumination at levels at which N fixation is strongly dependent on light intensity (lower part of the curve in Fig. 3a) .
The observation that the addition of solutions containing P depressed AR levels compared with the addition of an equal amount of distilled water agrees with results from similar studies on N. (commnetw at Barrow, Alaska (3). However, at Stordalen, in situ AR by S. ripauriuem-associated cyanobacteria correlated positively with added P04 levels (6). Phosphorus deficiency generally affects N fixation before it influences general cell growth (21) and, although the peat solution in the study mire did not contain detectable levels of P04 P (>0.002 pg ml-l), nutrients leached from the adjacent slope contribute to the minerotrophic status of the mire. Cyanobacteria are able to accumulate and store P in the form of polyphosphate (21, 38) . It is therefore unlikely that the samples collected from this site were nutrient-limited (especially regarding P), which might explain the lack of an AR response to supplied nutrients. The influence of phosphate P on AR by cyanobacteria epiphytic on Brachythecium ultabilullm (Hedw.) B.S.G. from an oligotrophic mire was examined by soaking fronds in either water or a 10-pg/ml P solution (pH 6) for 12 h, rinsing. and incubating with C,H2. Very low reduction values were recorded for these samples. and although P-treated replicates showed higher rates than the water-treated replicates (23 + 12 and 13 + 3 nmol g-' h-'. respectively; n = 4), the difference was not significant (P c 0.05). Very few cyanobacteria occurred in these B. rlutabdliurn samples. It is likely that nutrient enrichment allows a denser colonization of cyanobacteria on mosses at minerotrophic sites and that this is associated with higher N fixation rates.
From the results reported here, and considering the general climatic regime at Marion Island and light attenuation within the moss layer, light appears to be the main factor influencing N fixation by moss-associated cyanobacteria.
Although marked AR responses to temperature, water content, and pH occurred under laboratory conditions, several properties of the bryophyte layer allow for only small fluctuations of these parameters in the field. The high waterholding capacity of the mosses reduces desiccation, and the cation exchange capacity at the moss surface results in pH buffering and concentration of nutrients in the phyllosphere. The magnitude of temperature fluctuations is also smaller in the moss layer than on bare rock or peat. Reduced pO. levels have also generally been shown to stimulate nitrogenase activity (2, 3, 21) . AR response to lower 02 concentrations could not be examined in this investigation since a 02 absorber was not available. Photosynthetically produced 0, would quickly alter the composition of anaerobic gas mixtures added at the start of the incubation. However, microsites with reduced P02 tensions may exist in the moss layer in the field and would be of considerable importance in allowing higher rates of N fixation.
